We demonstrate a simple technique for microwave field imaging using alkali atoms in a vapor cell. The microwave field to be measured drives Rabi oscillations on atomic hyperfine transitions, which are detected in a spatially resolved way using a laser beam and a camera. Our vapor cell geometry enables single-shot recording of two-dimensional microwave field images with 350 µm spatial resolution. Using microfabricated vapor cell arrays, a resolution of a few micrometers seems feasible. All vector components of the microwave magnetic field can be imaged. Our apparatus is simple and compact and does not require cryogenics or ultra-high vacuum.
We demonstrate a simple technique for microwave field imaging using alkali atoms in a vapor cell. The microwave field to be measured drives Rabi oscillations on atomic hyperfine transitions, which are detected in a spatially resolved way using a laser beam and a camera. Our vapor cell geometry enables single-shot recording of two-dimensional microwave field images with 350 µm spatial resolution. Using microfabricated vapor cell arrays, a resolution of a few micrometers seems feasible. All vector components of the microwave magnetic field can be imaged. Our apparatus is simple and compact and does not require cryogenics or ultra-high vacuum.
Integrated microwave circuits are an essential part of modern communication technology and scientific instrumentation. For development and testing of such circuits, a technique for high-resolution imaging of microwave field distributions is needed. Different methods have been investigated for this purpose, 1 but a truly satisfactory standard technique does not exist. We recently demonstrated a technique that uses laser-cooled ultracold atoms for microwave field imaging. 2, 3 This technique is non-invasive, parallel and therefore fast, offers high spatial and microwave field resolution and allows the reconstruction of field amplitudes and phases.
Although significant progress has been made in simplifying ultracold atom experiments, 4 the requirements for ultra-high vacuum and laser cooling still represent a challenge for microwave field imaging applications in industry. From a practical point of view it would be very attractive to use thermal atoms in a vapor cell instead, at room temperature or moderately heated. Atomic vapor cells already find widespread use in commercial atomic clocks, 5 magnetometers for static and radio-frequency fields, [6] [7] [8] [9] [10] and are investigated as a potential microwave power standard. 11, 12 In microwave field imaging, however, high spatial resolution is required, and the fast thermal motion of the atoms presents a serious challenge.
Here we demonstrate a technique for microwave field imaging that uses an ensemble of near room-temperature atoms in a vapor cell.
13 Similar to the technique using ultracold atoms, 2 it relies on position-resolved detection of microwave-driven Rabi oscillations between atomic hyperfine states. It provides single-shot 2D imaging, reconstruction of amplitudes and phases, and can be made frequency-tunable. Since the measured Rabi frequencies only depend on the local microwave field strength and well-known atomic constants, the method is intrinsically calibrated. While the proof-of-principle experiment reported here does not yet reach the same spatial resolution as the previous technique using ultracold atoms, 2 we point out how micrometer-scale spatial resolution can be reached using an array of microfabricated vapor cells.
14-17 The experimental setup for our new method is simple, requiring neither cryogenics nor ultra-high vac- uum, which makes it promising for the characterization of microwave circuits in real-life applications.
The experimental setup is shown in Fig. 1a : A vapor cell is connected to an atomic reservoir, a vacuum pump, and a buffer gas reservoir. In general, any atomic species with microwave transitions that can be read out optically can be used. In our specific example we use 87 Rb atoms in a natural-abundance Rb vapor. Neon buffer gas is added to slow down the diffusion of Rb atoms through the cell. 18 This enhances the spatial resolution of our field imaging method. The cell has a 2D geometry (much thinner than wide) to allow recording of a 2D image of the microwave field. It consists of two quartz glass plates that are epoxy-glued to a 3 mm thick glass frame. The microwave device to be characterized is mounted at the outside of the cell. It can be moved along the y-direction so that 2D images of the microwave field can be taken in any desired cross-section of the device. A diode laser provides 780 nm light for optical pumping and for absorption imaging of the atomic hyperfine state distribution onto a charge-coupled device (CCD) camera. The vapor cell and microwave device are placed inside an oven with two windows for optical access. Heating the cell increases the Rb vapor density and thereby enhances laser absorption. We point out that our system can also be operated at ambient temperature, albeit at a lower signalto-noise level. A set of Helmholtz coils is used to apply a homogeneous static magnetic field B 0 . Figure 1b shows the ground-state hyperfine structure of 87 Rb in this field. The Zeeman effect results in a splitting of the microwave transition frequencies ω i (i = 1...7) connecting the m F sublevels of the F = 1 state to that of the F = 2 state. For B 0 ≪ 0.1 T, we have ω i = 2π×6.835 GHz+(i−4)∆ω, where ∆ω = µ B B 0 /2 is the Larmor frequency.
The experimental sequence starts by applying a 100 ms pulse of laser light to the atoms, which resonantly couples the F = 2 ground state to the Doppler-broadened excited-state manifold of the 87 Rb D 2 transition. This pulse optically pumps atoms from F = 2 to F = 1, creating a population imbalance between the ground states.
18,19 Next, we turn on the microwave field to be imaged for a duration dt mw , with frequency ω mw = ω i tuned to resonance with one of the transitions i = 1, 4, 7. The microwave field drives Rabi oscillations 19 of frequency Ω i (r) on the resonant transition, resulting in a modulation of the atomic population in F = 2 and a corresponding modulation of the optical density OD of the vapor of
where y 0 is the y-position of the cell. After the microwave pulse, we apply another laser pulse and image the light transmitted through the cell onto the camera. The duration dt im = 10 µs of this imaging pulse is short enough so that optical pumping can be neglected. We determine
is the transmitted intensity with (without) the microwave pulse applied, see Fig. 2a . We record Rabi oscillations by varying dt mw and/or the power P mw on the microwave device (Ω i ∝ √ P mw ) and extract Ω i (x, y 0 , z) for each pixel of the CCD image by a sinusoidal fit.
2
The Rabi frequencies Ω i (r) are proportional to specific components of the microwave magnetic field B(r, t) = 1 2 B(r)e −iωmwt + B * (r)e iωmwt . For 87 Rb we have e.g.
,
Here The components of the complex microwave magnetic field vector B(r) can be determined by measuring Rabi frequencies on different transitions. A single measurement yields the amplitude of one component, but not the phase. To determine amplitudes as well as relative phases of all components, sequential measurements of B π (r), B + (r), and B − (r) with the static field B 0 pointing along x, y, and z are sufficient. From these nine measurements, B(r) can be reconstructed up to a global phase, as explained in ref.
2 It is also possible to determine the spatial dependence of the global phase using an interferometric method.
To demonstrate our method, we have imaged the microwave field of a simple coplanar waveguide (CPW) with finite ground wires, see Fig. 2 . The CPW is made of 35 µm thick copper wires (s = 3 mm, g = 1 mm, ground wires 8 mm wide) on a 1.5 mm thick FR-4 substrate and has a characteristic impedance of 70 Ω. We operate the vapor cell with p = 10 mbar of Ne buffer gas at a temperature of T ≈ 115
• C. After optical pumping with a laser intensity of I 0 = 0.2 mW/cm 2 , we measure an optical density OD ≈ 0.5. The microwave pulse is applied with P mw ≈ 5 W and dt mw is varied between 1 and 30 µs. 18 For larger values of dt mw , the images start to blur as ∆x grows and the spatial modulations in ∆OD(x, z) get narrower. The vapor cell glass wall prevents imaging at distances < 1.5 mm from the CPW. In an optimized design, the wall thickness would be reduced to allow for imaging at tens of micrometers from the chip. Two microwave field components reconstructed from such images are shown in Fig. 2a+b in comparison with a simulation. 20 The simulation agrees well with the measurement if we allow for an 8% asymmetry between the two ground wire currents. While these experiments are a proof-of-principle demonstration using a simple and macroscopic prototype device, much smaller microwave circuits could be characterized with our method as discussed below.
After a few months, the Rb in our cell oxidized. We speculate that this is due to the epoxy used to glue our cell (EPO-TEK 353ND). Recent experiments indicate that only certain epoxy glues are compatible with Rb vapor. 21 Another possible explanation is contamination of the buffer gas. The optical density of our cell at T ≈ 115
• C drops from OD ≈ 5 without buffer gas to OD ≈ 0.5 at p = 10 mbar. Pressure broadening due to buffer gas is known to decrease optical density, 22 but the decrease we observe is much higher than expected for pure Ne. We are confident that these issues can be resolved using a different vapor cell fabrication technique. As reported in ref. 15 , microfabricated alkali vapor cells with Ne buffer gas pressures up to 200 mbar show very good long-term stability even at elevated temperatures.
One way to increase the spatial resolution of our field imaging method is to use a cell with higher buffer gas pressure to more effectively slow down the Rb motion. Neon is particularly well suited as buffer gas because of its small pressure broadening coefficient 22 and small cross section for hyperfine relaxation.
18 Microfabricated alkali vapor cells with Ne at p = 100 mbar have been developed for miniaturized atomic clocks. 15 In such a cell, the atoms diffuse only ∆x = 25 µm during dt mw = 1 µs. This suggests that a transverse spatial resolution of several tens of micrometers can be achieved using buffer gas. In a cell of 200 µm thickness at T = 100
• C, the Rb vapor has OD = 0.3, including pressure broadening. 22, 23 Hyperfine relaxation is estimated to occur on a timescale of several µs, dominated by wall collisions.
18
Even higher spatial resolution can be obtained by confining the atoms in an array of micromachined cells fabricated into a substrate.
14-17 Each microcell acts as a pixel of the microwave field image. Using recently developed high-temperature antirelaxation coatings, 24 the hyperfine state of the atoms can survive ≈ 850 atom-wall collisions at cell temperatures up to 170
• C. This allows for interaction times up to dt mw ≃ 850 d/v = 13 µs in a cubic cell of side length d = 5 µm without buffer gas, where the atoms move ballistically with average thermal velocityv = 320 m/s at T = 145
• C. Micrometer-scale spatial resolution is thus within reach. The optical density is OD = 0.2 and Rb spin exchange relaxation is expected to occur on a time scale of 15 µs. 18 A small amount of Rb could be deposited in each microcell during fabrication. Alternatively, the cells could be connected by thin trenches in the substrate to a single Rb reservoir.
We now estimate the microwave field sensitivity that can be obtained with such microcells. Assuming a photon-shot-noise-limited imaging system and dt im = 10 µs, the smallest optical density change that can be resolved on a pixel of area
02, where ω L is the laser frequency. This implies that a Rabi frequency as small as Ω min ≃ (2/dt mw ) ∆OD min /OD = 2π × 9 kHz could be detected in a single shot. This corresponds to a microwave magnetic field amplitude of a few hundred nT, which arises e.g. at a distance of 5 µm from a microwave guide carrying a signal of P mw ≃ 7 nW. In general, a higher spatial resolution implies a lower microwave field resolution, because both the maximal dt mw is shorter and the area A over which the image is integrated is smaller.
Microwave field imaging at 6.8 GHz is useful e.g. for the characterization of C-band GaN power amplifiers or scientific applications such as atom chip design. 20 However, our method is not restricted to fixed frequency, since the transition frequencies ω i can be tuned by means of the static magnetic field B 0 . Frequencies up to 50 GHz are accessible with standard laboratory fields up to B 0 = 1.6 T. For B 0 > 0.1 T, the atoms enter the Paschen-Back regime, where the hyperfine transition matrix elements change. Nevertheless, a full reconstruction of the microwave field is still possible. At the low-frequency end, the zero-field hyperfine splitting sets a limit. Atoms with smaller hyperfine splitting such as 85 Rb (3.0 GHz) or 39 K (0.5 GHz) give access to low frequencies.
The simplicity of our method should allow the construction of integrated microwave field imaging devices. We envision future devices consisting of micromachined vapor cell arrays with integrated electromagnets to tune the transition frequencies to the desired values and optical waveguides delivering the light for optical pumping and imaging.
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